Leishmania must survive despite exposure to the toxic oxidant hydrogen peroxide (H2O2) during phagocytosis by macrophages. We investigated the mechanism of H2O2 toxicity for L. donovani chagasi promastigotes, and factors responsible for their relative H2O2 resistance. There was a dose-dependent toxic effect of H2O2 for promastigotes isolated during logarithmic phase of growth. In contrast, stationary phase promastigotes were less susceptible to H2O2 toxicity, and more infectious for BALB/c mice. By spin trapping we found that hydroxyl radical (.OH) was generated after exposure of promastigotes to H2O2, and the amount of .OH was greater with log-phase than with stationary-phase promastigotes. .OH was generated after the addition of H2O2 to the cytosol but not the membranes of fractionated promastigotes, and the magnitude of .OH was greater in log than in stationary promastigote cytosol. Deferoxamine inhibition suggested that intracellular promastigote iron catalyzes .OH formation via the Fenton reaction. Furthermore, exposure of log-phase promastigotes to heat shock induced a relative H2O2-resistant state, which was not associated with a decrease in .OH formation but which required ongoing transcription. Thus, growth to stationary phase and heat shock both induce a state of relative H2O2 resistance, but these are probably due to different resistance mechanisms.
the human host during the bite of an infected sandfly vector. It is phagocytosed by a mononuclear phagocyte, after which it converts into the obligate intracellular amastigote form (1) . In vitro models have documented that promastigotes attach to several receptors on the surface of the macrophage before phagocytosis (2) (3) (4) . This receptor-mediated ingestion is accompanied by an oxidative burst of the phagocyte, during which oxidants such as superoxide and hydrogen peroxide (H202) are formed (5) (6) (7) . Therefore, in order to successfully establish an infection promastigotes must survive despite the local production of toxic oxidant species by the mononuclear phagocyte.
L. donovani promastigotes are susceptible to killing in vitro by H202 in the absence ofperoxidase, similar to the conditions that exist in a macrophage (8) . The exact mechanism of H202-mediated killing, and the factors that allow parasites to survive in the face of its production, have yet to be delineated. Hydrogen peroxide can be converted to hydroxyl radical (.OH)I through the Fenton reaction in the presence ofa source ofiron:
H202 + Fe2+ *-OH + OH-+ Fe3'. Hydroxyl radical is a highly toxic species that has been implicated in the killing of microorganisms by phagocytes (9, 10) , as well as phagocyte-associated inflammation and tissue injury (I1). Although one study found that scavengers of * OH did not prevent H202 toxicity for one strain ofL. donovani promastigotes when present in the extracellular promastigote environment (12) , it remains to be seen whether the intracellular formation of * OH, catalyzed by endogenous promastigote iron, might mediate the toxic effects of H202.
When cultivated in liquid medium, L. major promastigotes transform from a less infectious form during log-phase growth to a highly infectious "metacyclic" promastigote when they reach stationary phase (13, 14) . This development is accompanied by an increased ability to survive intracellularly in macrophages. The amount or physicochemical structure of several promastigote molecules has been found to change during development to stationary phase in studies of various Leishmania sp. These molecules include the major surface glycolipid gp63 in L. braziliensis and L. d. chagasi (15, 16) , the glycolipid lipophosphoglycan in L. major and other Old World Leishmania sp. (17, 18) , and mRNA for the heat shock protein hsp7O in L. major (19) . What role if any these changes play in the increased survival of stationary-phase promastigotes has yet to be determined.
Given the necessity for avoiding the toxic effects of macrophage generated H202 in order to cause infection, several hy-potheses might account for the differential survival of the different forms of promastigotes. First, it is possible that H202 exerts its microbicidal effects by secondary generation of the toxic oxidant * OH. Secondly, the increased virulence of stationary-phase promastigotes might be due to the formation ofa lesser amount of -OH or an increased resistance to its effects. Finally, the increased virulence that occurs during stationary phase may be triggered in part by environmental stimuli encountered by the promastigote during its life cycle, similar to the starvation-induced protection against both heat and oxidative killing observed in some bacteria (20) . The present study is designed to examine each of these hypotheses using Leishmania donovani chagasi, a South American strain of L. donovani.
Methods
Parasites. L. d. chagasi, originally isolated from a patient in Brazil, was kindly provided by Richard Pearson, University of Virginia, Charlottesville. Parasites were maintained by serial intracardiac injection in hamsters. Amastigotes were isolated from the spleens of heavily infected hamsters as previously described (21) , and allowed to convert to promastigotes at 260C in a modified minimal essential medium containing 10% heat-inactivated fetal calf serum and 5. 4 Mg of hemin/ml (22) . Unless otherwise indicated, experiments were performed using promastigotes within 21 d after isolation from a hamster. Promastigote cultures were initiated at I X 106 parasites/ml and harvested for study either 1-3 d later during log phase or 6-7 d later during stationary phase of growth. The growth phases were differentiated by morphologic and concentration criteria as follows: log-phase cultures contained parasites that were ovoid to cigar-shaped (dimensions 1-3 X 3-10 Mim) and frequently contained dividing forms (or rosettes), at a concentration between 4 and 8 X 106 promastigotes/ml. Stationary-phase cultures contained needle-shaped organisms (1-2 x 14-18 Mim) at a concentration between 5 and 7 X 107 promastigotes/ml. Microscopic characterization of the numbers of promastigote forms with log-or stationary-like morphology in cultures revealed that cultures used as "stationary phase" contained between 98% and 99% promastigotes with stationary-like morphology, whereas "log phase" cultures contained 89-96% promastigotes with log-like morphology. Thus All experiments were repeated a minimum ofthree times. Figures contain representative experiments demonstrating consistently repeatable patterns of the toxic effects of H202 on motility. During some viability assays promastigotes were preincubated with deferoxamine 500 ,ug/ml for 30 min before the addition of H202, in order to explore the role of redox active promastigote iron in H202 toxicity. Control parasites were preincubated with no deferoxamine or with deferoxamine that was loaded with stoichiometric amounts of FeCl3, to establish that the effects were indeed due to the iron-chelating properties of deferoxamine. Motility was determined microscopically as above.
Measurements ofprotein and RNA synthesis. Triplicate samples of 100 MAl ofpromastigotes at 1.4 X 10'/ml HBSS were exposed to varying concentrations ofH202 at 260C. After 1 h one sample from each condition was assessed for motility as described above. above. Preliminary studies revealed that 10 ug of cycloheximide/ml was also needed to stabilize newly synthesized RNA long enough to detect its presence in assays oftotal RNA synthesis. A similar stabilization of RNA with cycloheximide has been detected for individual mRNA transcripts (24, 25) .
SDS-PAGE and immunoblotting. Promastigotes were allowed to grow at 26°C to log or stationary phase. Identical aliquots were transferred to either 37°C (heat shock) or 26°C (control) water baths for 2 h. Heat-shocked or control promastigotes were pelleted by centrifugation (1,200 g, 13 min., 4°C) and denatured in SDS reducing buffer with 20 Mg/ml each of antipain and leupeptin. Proteins from 5 X 106 promastigotes (-25 Mg) were applied to 10% running-3.5% stacking SDS polyacrylamide gels and electrophoresed, according to the discontinuous method of Laemmli (26) . Proteins were electrophoretically transferred to nitrocellulose, blocked with 3% BSA in PBS, and incubated with a rat monoclonal antibody directed against a conserved epitope on Drosophila hsp70 (kindly provided by S. Lindquist, University ofChicago) (27) . Immunoblots were incubated in a peroxidase-conjugated goat anti-rat IgG second antibody, and developed with 3,3'-diaminobenzidine and H202 as previously described (28) .
Spin trapping. Promastigotes were suspended at 1.0 X 108/ml in HBSS containing 100 mM 5,5,dimethyl-pyrroline-1-oxide (DMPO, Sigma Chemical Co.), 140 mM DMSO, and 0.1 mM diethylenetriaminepentaacetic acid (DTPA). After the addition of H202 (100-900 MM) the suspension was transferred to a quartz flat electron paramagnetic resonance spectrometry (EPR) cell. EPR Preparation ofpromastigote membranes andcytosol. Promastigotes in log or stationary phase ofgrowth were incubated at 3.0 X 10' parasites/ml in ddH2O at 4VC for 10 min. They were disrupted after incubation at 500 psi for 15 min. in a nitrogen cell disruption chamber (Parr Instruments, Rock Island, IL). Large particles were removed by centrifugation at 750 gfor 10 min., and membranes were pelleted at 100,000 g for 1 h. The cytosolic fraction (supernatant) was removed, and the pellet containing membranes was rinsed in ddH2O, centrifuged once more for 5 min, and resuspended to the starting volume in PBS. Final pH measurements were 6.5 and 7.2 in the cytosolic and membrane fractions, respectively. Membrane or cytosolic fractions were assayed for * OH production after the addition of 600 uM H202 using spin trapping.
Results
Susceptibility of log-or stationary-phase promastigotes to H202-mediated toxicity. Intravenous administration of L. d. chagasi promastigotes results in a chronic infection ofBALB/c mice, measured by sequential estimates ofliver and spleen parasite loads. L. major promastigotes increase in infectivity as they develop from log to a highly infectious "metacyclic" stage dur- ing stationary-phase growth (13, 14) . Similarly, we found that the virulence of L. d. chagasi promastigotes increased as they developed from log to stationary phase during in vitro cultivation ( Fig. 1 ). During these studies log-phase promastigotes were isolated on day 1 or 3 of cultivation, and stationary phase promastigotes were isolated on day 7 ofgrowth. Log and stationary phases were defined by morphologic and concentration criteria as outlined in the Methods section.
Exposure of promastigotes in log phase growth to increasing amounts of H202 resulted in increasing toxicity, measured by an assay of promastigote motility ( Fig. 2 A and B, line graphs). Channon and Blackwell (30) , using a similar assay, found that the motility ofSudanese strain L. donovani promas-tigotes correlates with survival, as measured by the ability of promastigotes to take up the vital dyes ethidium bromide and fluorescein diacetate 24 h after exposure to H202. Because L. d. chagasi promastigotes did not take up these dyes either in their native state or after exposure to H202, we correlated promastigote motility with the ability of promastigotes to synthesize protein or RNA after exposure to H202 as a measure of viability. Protein synthesis (incorporation of [3H]leucine) decreased in a dose-dependent manner after exposure to H202, reaching background levels at lower H202 concentrations than those that resulted in loss of motility ( Fig. 2 A, bars) . A similar decrease in RNA synthesis (incorporation of [3H]uracil) was observed after exposure to H202, although there was a sudden drop in RNA synthesis compared to a more gradual drop in motility, with increasing H202 concentrations ( Fig. 2 B, bars) . Thus, the H202-induced loss ofmotility was accompanied by a cessation of protein and RNA synthesis.
Because virulence must be accompanied by the ability to evade or resist the microbicidal effects of macrophage H202, we measured the toxicity of H202 for log-or stationary-phase promastigotes using the same motility assay. L. d. chagasi promastigotes were harvested during their transition from log (days 2 and 3) to stationary (day 6) phase of growth in vitro, and exposed to varying concentrations of H202 at 260C (Fig.  3 ). There was a dose-dependent loss of promastigote motility after H202 exposure during both phases of growth. However, the H202 concentration required to produce that toxic effect increased as promastigotes progressed from log to stationary phase. For instance, the motility of log-phase promastigotes (day 2) after exposure to 200 ,M H202 for 1 h was < 30% (compared to nearly 100% in promastigotes not exposed to H202). In contrast, stationary phase promastigotes (day 6) exposed to 200 ,uM H202 retained > 90% motility. Thus, the 50% toxicity (LDO) dose of H202 increased from -150 to 275 uM Effect ofchelating endogenous promastigote iron on H202 toxicity. * OH has been implicated as a primary oxidant responsible for H202 cytotoxicity toward some microbes (9, 10) . Iron is required for the generation of -OH from H202 via the Fenton reaction. As a means ofinvestigating a possible role of * OH in H202-mediated killing ofL. d. chagasi, the effect ofchelating endogenous promastigote iron on H202-mediated toxicity was studied. Promastigotes were preincubated in different concentrations of deferoxamine, deferoxamine that had been saturated with stoichiometric amounts of FeCl3, or buffer (control) before exposure to 1,000 ,M H202. The resultant viability was assessed according to promastigote motility. As shown in Fig. 4 A, increasing concentrations of deferoxamine resulted in increasing protection from H202-mediated toxicity, but deferoxamine that had been saturated with stoichiometric amounts of FeCl3 did not have a protective effect. This suggests that the increased resistance was indeed due to the iron-chelating capacity of deferoxamine. Fig. 4 B shows the effect of different H202 concentrations on the motility of promastigotes preincubated with buffer (control), 0.5 mg/ml deferoxamine, or iron-saturated deferoxamine. Again, deferoxamine offered protection of promastigotes against the toxic effects of H202. However, during this experiment preincubation of parasites with iron-saturated deferoxamine only partially abrogated the protection owing to deferoxamine. We suspect that this was because the ironbinding sites in deferoxamine were only partially "saturated." FeCl3 alone was toxic for promastigotes, so it was not possible to overcome the deferoxamine with an excess of iron. To avoid this confounding problem we were careful not to oversaturate the deferoxamine in the system, and in some assays it is very likely that we inadvertantly under-saturated the deferoxamine (see 0.5 jug/ml bars in Fig. 4, A and B) . We also determined that the motility of promastigotes preincubated in deferoxamine and washed by centrifugation before H202 exposure was comparable to that of promastigotes exposed to H202 with deferoxamine still in the system. Thus, the protection afforded by deferoxamine was probably not due to a direct interaction between deferoxamine and H202.
Deferoxamine alone (0.5 mg/ml) did not interfere with the motility of control promastigotes (90.3% of promastigotes were motile in the absence, and 94.3% motile in the presence of deferoxamine). Furthermore, protein synthesis was unchanged in promastigotes after the addition of deferoxamine. 21 ing that a component of the toxic effect might be due to the formation of -OH via the Fenton reaction. Accordingly, spin trapping was used to confirm the generation of * OH after the addition ofH202 to promastigotes. When produced in the presence ofDMSO and the spin trap DMPO, * OH leads to formation of the stable methyl radical spin adduct of DMPO, DMPO/-CH3 (29). This spin adduct yields a characteristic sixline spectrum (AN = 16.3 G, AH = 23.5 G) when examined by EPR spectroscopy. The amplitude of each spectral peak correlates with the amount of spin adduct formed and therefore the amount of * OH generated over time (31) . H202 was added to log phase L. d. chagasi promastigotes in the presence ofDMPO and DMSO. The resulting EPR spectrum was that of DMPO/ -CH3 and to a lesser extent the hydroxyl radical spin adduct DMPO/ * OH (Fig. 6 A, Log) . A similar spectrum could be generated in a cell-free -OH-generating system with the addition of FeCl2 and H202 in the presence ofDMPO, DMSO, and DTPA ( Fig. 6 A, Fe) . These data are consistent with spin trapping of -OH after addition of H202 to promastigotes. The omission ofpromastigotes or H202 resulted in EPR spectra that lacked evidence of DMPO spin adducts (Fig. 6 A, Med) . Furthermore, preincubation of promastigotes in deferoxamine prevented the formation of * OH in these solutions (Fig. 6 A, Dsf). Consistent with the ability ofmannitol to limit H202-mediated injury (Fig. 5 ), 50 mM mannitol also inhibited the magnitude of -OH-derived spin adducts after the addition of H202 to promastigotes (data not shown). The magnitude of * OH derived spin adducts increased when increasing concentrations of H202 were added to promastigote suspensions. The concentrations of H202 required to generate -OH-induced spin adducts were similar to those that had toxic effects on promastigote motility. The amount of * OH generated by exposure of log-or stationary-phase promastigotes to H202 was determined. Lesser magnitudes of * OH generated spin adducts were detected after the addition of the same concentration of H202 to stationaryphase (Fig. 6 A, Sta) than to log-phase (Fig. 6 A, Log) (Fig. 6 B) . The inclusion of catalase to remove H202 prevented the formation ofthe * OH-generated spin adducts, in cuvettes that contained log-or stationary-phase promastigotes with either DMPO alone, or DMPO and DMSO. Neither log nor stationary phase promastigotes altered the stability of preformed DMPO/ CH3 or DMPO/ * OH, when parasites were added to solutions of these spin adducts previously generated in a cellfree system. Therefore, altered spin adduct stability did not explain these data. Thus, the apparent amount of * OH formed correlated well with the amount of H202-mediated toxicity for promastigotes in the two phases of growth.
Generation of * OH in cytosolicfractions ofpromastigotes. In order to provide insight into the location of the promastigote-associated catalyst leading to -OH production, promastigotes in log or stationary phase of growth were lysed by nitrogen cavitation and cytosolic and membrane fractions were separated. Free radicals generated by the addition of H202 to these fractions was then determined in spin trapping studies. Representative spectra after the addition of H202 to fractions from log or stationary phase promastigotes are shown in Fig. 7 . These spectra were generated using DMPO and DTPA but not DMSO. Therefore spectra are comparable to those generated from whole promastigotes in Fig. 6 B. These spectra indicated that: (a) * OH was generated upon the addition of H202 to the cytosolic but not to the membrane fractions from both growth phases, and (b) the amount of * OH generated was greater when cytosol from log as opposed to stationary phase promastigotes was used. Taking into account the different gains used to generate the "Log Cytosol" and the "Sta Cytosol" tracings in Fig. 7 , the amount of -OH generated upon the addition of H202 to cytosol from log-phase promastigotes was 3.2-fold greater than that generated in cytosol from stationary-phase promastigotes. These data suggest that spectra generated from intact organisms (Fig. 6) were due to spin trapping of -OH generated at an intracellular site. Overall, a greater magnitude of -OH was generated from promastigote cytosol than from intact cells (note the greater gain in Fig. 6 "Log" tracing as opposed to Figure 7 . EPR spectra of fractionated promastigotes after the addition of H202. Membrane or cytosolic fractions were isolated from promastigotes in log (Log) or stationary (Sta) phase of growth, and these were incubated with H202 (600 MM) in the presence of DMPO. Characteristic four-line spectra corresponding to the spin adduct DMPO/-OH (*) were detected using cytosolic but not membrane fractions. Note that the gain of the "Log Cytosol" tracing is one-half the gain of the other three spectra in this figure, and the spectra in Fig. 6 . Thus, the amount of DMPO/ -OH generated with cytosol from log-phase cells is proportional to twice the height of peaks in the spectrum shown, relative to the heights of peaks in the "Sta Cytosol" and both "Membrane" tracings. Log-or stationary-phase promastigotes were exposed to heat (370C) or maintained at 260C (control), after which their susceptibility to H202 toxicity was determined according to the motility assay. Log-phase promastigotes had a dramatic increase in their resistance to H202 toxicity after exposure to heat for 1 or 2 h. For example, after exposure to 200 gM H202, < 20% of control log-phase promastigotes remained motile. In contrast, 75% oflog-phase promastigotes preincubated at 370C for 2 h remained motile after a similar H202 exposure (Fig. 9,  top panel) . Stationary-phase promastigotes did not exhibit the same magnitude of protection against H202 toxicity after heat shock (Fig. 9, bottom panel) .
Mechanism ofheat-induced resistance to H202: activation at the level oftranscription. We hypothesized that the relative resistance oflog-phase promastigotes to H202 after exposure to heat might be due to induction of a protective protein or proteins at the level of transcription, similar to the mechanism invoked for oxidant resistance factors in E. coli (20, 32) . To investigate this possibility, we added the transcription inhibitor actinomycin D to promastigotes during their exposure to heat shock. The optimal actinomycin D concentration was first determined according to its ability to inhibit incorporation of [3H]uracil into TCA-precipitable promastigote RNA. The amount of [3H]uracil stably incorporated into RNA over 1 h was decreased from 91,977 to 16,185 dpm with the inclusion of 1.0 ug actinomycin D/ml in cultures, and to 2,846 dpm with the addition of 10 Mg actinomycin D/ml. Higher actinomycin D concentrations (up to 60 ug/ml) did not further decrease the amount of labeled RNA. Accordingly, 10 ,g actinomycin D/ml or buffer was added to promastigotes in log-phase growth for 30 min before exposure to heat shock (370C, 2 h), and their susceptibility to H202 Log Sta Figure 8 . Immunoblot of promastigote hsp7O after exposure to heat. Proteins from lysates of promastigotes incubated at 260C (-) or 370C (hs) were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with a monoclonal antibody against hsp70 from Drosophila that cross-reacts with hsp70 from other species (27) [Hydrogen Peroxide] (EM) Figure 9 . Effect of heat shock on toxicity of H202 for log-or stationary-phase promastigotes. Promastigotes were incubated in culture medium at 370C for I or 2 h (heat shock), or at 260C (control). They were then washed and exposed to H202 as above. Shown are representative H202 toxicity curves for log-phase (upper panel) or stationary-phase (lower panel) promastigotes with or without heat exposure.
toxicity was subsequently assessed (Fig. 10) . As before, heat shock resulted in an increase in promastigote resistance to H202-mediated toxicity. However, the inclusion of actinomycin D with promastigotes during heat exposure totally prevented the development of resistance, shifting the toxicity curve down to the level of control parasites maintained at 260C. Actinomycin D did not effect the susceptibility of control promastigotes (incubated at 260C) to H202 toxicity. Mechanism of heat-induced resistance to H202: comparison to resistance induced by growth to stationary phase. It was evident from the above section that at least one factor responsible for the heat-induced resistance to H202 toxicity was a protein or proteins whose transcription was activated during heat shock. We performed EPR spectroscopy to investigate whether this increased resistance might be due in part to a decrease in the formation of * OH from H202 after heat shock. Log-phase promastigotes were incubated in HBSS at 370C (heat shock) or 260C (control) for 2 h. H202 was then added, and EPR spectroscopy was performed in the presence of DMPO and DMSO. A typical EPR spectrum indicating the formation of -OH was seen with both heat shocked and control promastigotes ( Figure  1 1 ). There was no apparent difference in the amount of * OH formed in promastigotes with or without heat shock.
Discussion
Phagocytosis of Leishmania donovani promastigotes by human mononuclear phagocytes triggers an oxidative response which results in the generation of a number of toxic oxidant species, including superoxide and H202 (5) (6) (7) 34) . Despite the fact that promastigotes are readily killed in vitro upon exposure to H202 (12, 30, 35) , a small percentage survive the oxidative burst and transform into amastigotes (5, 36) . The factor(s) that allow some promastigotes to survive despite the local production of oxidant species have not yet been defined. The present study describes a correlation between increasing infectivity of L. d. chagasi promastigotes as they develop from log to stationary phase in liquid culture medium, and their relative resistance to the toxic effects of H202. A developmental increase in virulence has previously been documented in the case of L.
major promastigotes as they progress from log to stationary phase, although a cause for this developmental increase has not yet been proven (13). Based on the data presented here we hypothesize that increased resistance to the toxic effects of H202 contributes to the in vitro development ofvirulence in L. Promastigotes also become less virulent (37) and more susceptible to H202 toxicity with increased length ofcultivation in vitro. Similarly, Channon and Blackwell (30) found that recently isolated ("new") L. donovani promastigotes were more resistant to H202 than were multiply passaged ("old") promastigotes consistent with our findings, although their experiments were performed using exclusively log phase promastigotes (30) . A comparison of Figs. 3 and 4 illustrates that there are wide variations in the susceptibility of different populations of logphase promastigotes to H202 toxicity. Factors contributing to these differences likely include the duration of maintenance in culture as described above, and the point at which the parasites are harvested during their transition from log to stationary phase. There also seem to be inherent differences between the susceptibility of promastigote populations isolated from different hamsters to H202 toxicity, probably reflecting differences in their expression of innate resistance factors. It may be that delineation ofthe latter differences will direct us toward identification of the mechanisms responsible for H202 resistance.
The Murray found that H202 toxicity for L. donovani was prevented by the H202 scavenger catalase, whereas * OH scavengers (mannitol, benzoate, diazabicyclooctane, and histidine) had no protective effect (12) . In contrast, we found that mannitol partially protected L. d. chagasi promastigotes against the immobilizing effects of H202. Since -OH was generated in the cytosolic but not the membrane fraction oflog-phase promastigotes after the addition ofH202, the partial protection afforded by mannitol may have occurred due to scavenging of intracellular * OH. The discrepancy between our results and Murray's could be explained ifthe two strains differed in their membrane permeability to mannitol, or in their intracellular content of catalytically active iron. Related to the latter possibility, our promastigote culture medium contained iron in the form of hemin whereas Murray's medium did not (12) . Therefore the two strains may have varied markedly in their concentrations of intracellular iron available for -OH generation.
Exposure of the more resistant stationary-phase promastigotes to H202 resulted in considerably lower magnitudes of -OH compared to the more H202-sensitive log-phase parasites. The decreased amount of * OH observed with stationaryphase promastigotes could result either from increased removal (scavenging) of H202 and/or . OH, or to decreased amounts of catalytic iron in the more resistant form of the organism. The data presented here cannot definitively differentiate between these two possibilities. The major surface glycolipid lipophosphoglycan, which is known to scavenge oxidant species (18, 39, 40) , is probably not responsible for the decrease in * OH, since cytosolic fractions of log-phase promastigotes generated greater amounts of * OH than cytosol from stationary-phase organisms. Channon and Blackwell (30) found that L. donovani promastigotes and amastigotes remove H202 from extracellular medium. Both Blackwell's and Murray's groups documented the presence of enzymatic antioxidants (catalase, glutathione reductase, glutathione peroxidase), although the data on which enzymes were present in the parasite's morphologic stages were not in exact agreement (12, 35, 41 Eukaryotic and prokaryotic cells synthesize a set of highly conserved proteins termed heat shock proteins upon exposure to increased temperature, oxidative stress and other adverse environmental stimuli, and at different developmental stages. This heat shocked or "stressed" state is associated with an increased resistance against the toxic effects of heat or oxidants, sometimes resulting in an increase in virulence (27, 32, (44) (45) (46) (47) (48) . Leishmania sp. encounter a dramatic increase in ambient temperature when they are inoculated by the sandfly vector into a mammalian host. This exposure causes biochemical and morphologic changes that are associated with an increase in the production of several proteins including heat shock proteins. Some Leishmania sp. also transform to an amastigote-like form and increase their virulence characteristics after heat exposure (19, (49) (50) (51) (52) . In our hands incubation at 370C constitutes a "heat shock" for L. d. chagasi, defined as an increase in the production of hsp7O. Although hsp7O is probably not itself involved in protection against H202 toxicity, its increased expression may indicate the development of a "stressed" state that is also associated with increased resistance to H202. The reason for the relative inability of heat shock to induce H202 resistance of stationary phase promastigotes may reflect the fact that they were already in a partially "stressed" state. Consistent with this, promastigotes of L. major (53) and L. d. chagasi (our unpublished observations) express greater amounts of hsp70 mRNA as they develop from log to stationary phase. Furthermore, in contrast to the H202 resistance that developed during growth to stationary phase, heat shock oflog-phase parasites was not associated with a decrease in the amount of * OH produced after exposure to H202. It seems likely, therefore, that protection against H202 toxicity after heat shock of log phase promastigotes is related to either increased resistance to -OH-mediated injury or induction of cellular repair mechanisms.
Several factors beyond those addressed in this study contribute to the parasite's ability to survive macrophage-derived oxidant-mediated toxicity. Leishmania-infected murine macrophages have a diminished capacity to undergo an oxidative response, suggesting that parasites may partially inhibit their oxidative capacities (54) . Relevant to this finding, promastigotes possess a soluble acid phosphatase that inhibits the production of superoxide by human neutrophils, and which could act in a similar fashion in macrophages (55) . In addition, leishmania LPG has been reported to inhibit the activity of protein kinase C from rat brain and signal transduction in human monocytes, and it is hypothesized that this might decrease the respiratory burst upon phagocytosis by macrophages (56, 57) . Finally, using mononuclear phagocytes from patients with chronic granulomatous disease, that are defective in their capacity to generate oxidants, Murray showed that both oxygendependent and oxygen-independent mechanisms contribute to the killing ofleishmania within the macrophage (34) . The respiratory burst that is stimulated upon phagocytosis of promastigotes by macrophages may be important in promastigote killing during the early phases of infection, but killing of intracellular amastigotes throughout disease probably requires activation of macrophage by cytokines such as interferon-y (58, 59) . Oxygen-independent mechanisms relevant to the latter aspect of intracellular killing include the L-arginine-derived product nitric oxide. Nitric oxide participates in killing of L. major promastigotes during phagocytosis by activated murine macrophages, as well as interferon-y-mediated activation of murine macrophages to kill intracellular L. major amastigotes (60, 61) . However, production ofnitric oxide by human macrophages has not been clearly demonstrated (62) , leaving at issue the role ofthis oxidant species in human leishmaniasis. Furthermore, a role for nitric oxide in killing promastigotes by resting macrophages, as occurs during initial infection ofa naive host, has not been documented in any species. It seems likely that evasion of H202 toxicity may be critical for the survival of promastigotes during this initial step. Thus the means by which promastigotes resist H202 toxicity, which occurs by at least two mechanisms according to the above data, may be an important determinant of the virulence of L. d. chagasi promastigotes.
